ABSTRACT
we showed that an inner cleft of the asymmetric trimeric ring is an RNA-binding site. These The genus Tospovirus belongs to the family Bunyaviridae, a very large family of 48 negative-strand RNA viruses, comprising more than 350 serologically distinct viruses (4). functional template for genomic RNA replication and viral mRNA transcription (7-10). In addition, 62 the TSWV N protein interacts with Gn and Gc glycoproteins, and appears to be involved in the 63 formation of the virion (11). Moreover, N protein is also reported to interact with NSm cell-to-cell 64 movement proteins, and plays a role in spreading viral genomic RNA to adjacent cells (12, 13).
65
Thus, TSWV N protein is a multifunctional protein, and the elucidation of the N protein structure 66 will provide an important basis for further analyzing its biological function in diverse aspects of 67 the TSWV life cycle.
68
Among the family Bunyaviridae, the N protein structures of four out of five genera except for In this study, we elucidated the last unknown structure of Tospovirus N protein in five genera 77 of Bunyaviridae. X-ray crystal structure analysis showed that TSWV N protein forms non-planar 78 trimeric ring structure with or without nucleic acids. Our data may provide further insight into the 79 mechanism of vRNP formation in the family Bunyaviridae. 
RESULTS

81
Structure
88
Each N protein molecule consists of three parts: an N-terminal arm (residues M1-N33,
89
termed N arm), a C-terminal arm (residues S222-A258, termed C arm), and a central core 90 domain (residues F34-S221) (Fig. 1A) . The N arm is formed by one alpha helix (α1: residues 91 K8-T16) with flexible strands (residues M1-T7 and Q17-N33). The core domain is formed by 92 eleven alpha helices (α2-α12) and two beta strands (β1 and β2). The C arm is formed by one 93 bent alpha helix (α13: residues V230-F246) wedged between two flexible strands (residues 94 S222-S229 and G247-A258) (Fig. 1A) . These N and C arms interact with the core domains of 95 adjacent N protein molecules to form a trimeric ring structure (Fig. 1C) , and positively charged 96 clefts are located inside the ring (Fig. 1B, D 
and E).
This trimeric ring of TSWV N protein was distorted (Fig. 1C) , corresponding to the result of 98 a self-rotation search which found no local three-fold axis (30). Despite the lack of a symmetry 99 axis, the central core domains of the three molecules were identical and superposed very well are not conserved. This suggests that the distortion of the trimeric ring was not caused by 110 differences in arm-to-core interactions but by the arms' flexibility. In the N arm, the residues L6, 111 K8, I11, V12, L14, L15, T16, D20, E22, and F23 interact with the hydrophobic patch of the core 112 domain containing residues K47, M48, S49, I51, S52, T55, N59, S62, I63, V66, F72, F74, and
113
G75 by van der Waals forces ( Fig. 2A and B ). In addition, the main-chain atoms of K19, L21, 114 and the side-chain atoms of D20 form hydrogen bonds with the side-chain atoms of S52, T55, and S49, respectively (Fig. 2E ). In the C arm, the residues A231, M232, H234, Y235, T238, bent at residues A31-N33 and the C arm bent at residues P224-A226.
141
Both DNA and RNA were bound at the central cleft of the core domain. In the positively 142 charged cleft of the core domains, 11 (3 + 3 + 5) out of the 19 RNA nts and 16 (4 + 7 + 5) out of 143 the 25 DNA nts were determined, respectively ( Fig. 3A and B) . Although the difference of the 144 resolution was small, the final structural refinement showed that electron density map at the 145 cleft of N-DNA complex was much clearer than that of N-RNA complex (Fig. 3A and B) . So we 146 analyzed the details of NP and nucleic acids interaction using N-DNA complex. In this structure, 147 amino acid residues contributing to the interaction with DNA were depicted in stick form ( On the other hand, residues M64, I86, T92, R94, P151, L152, Y184, and K192 interacted with 152 the DNA molecule by van der Waals forces (Fig. 3C ). In addition, in the NP A molecule, the main 153 chain of V30 interacted with the DNA base, and the side chains of K65 and K68 interacted with 154 the DNA phosphates (Fig. 3D) . In the NP B molecule, the side chain of K68 interacted with the 155 DNA phosphate, and the side chain of Q170 interacted with the DNA base (Fig. 3E) . In the NP C 156 molecule, the side chains of Y130 and Q170 interacted with the DNA bases (Fig. 3F) Orthobunyaviruses (Fig. 5) . Though we could not address the exact number of nucleotides (Fig. 4A) . Although the structures of the core 177 domain and manners of RNA binding seemed to be similar ( Fig. 4A and C) , the sequences and 178 structures of both arms and the oligomeric states were clearly different between two genera ( Fig.   179 5 and 4B). Namely, the TSWV N proteins formed a trimeric ring, whereas most Orthobunyavirus 180 N proteins formed a tetrameric ring in crystal (Fig. 4B) . Blue Native PAGE showed that the most abundant band was N protein trimer, and it is 193 consistent with our structure.
194
In our TSWV N protein structures, both N and C arms interacted with the adjacent N 195 proteins to form the trimeric ring (Fig. 2) . These results were consistent with the previous located at the center of the C arm-to-core interaction (Fig. 2C) . Thus, the arm-to-core interaction 202 is very important for N-N oligomerization, although the amino acid sequences of both TSWV N 203 protein arms show low similarity with those of other genera in the family Bunyaviridae (Fig. 5) . 
256
The crystal size and shape of the N-nucleic acid complexes were similar to the N protein alone.
257
The X-ray diffraction data sets for the selenomethionine-substituted (SeMet) N protein and Structure determination and refinement 263 The phase determination of the SeMet N protein was previously described (30). Briefly, the 264 initial phases were determined by Se-SAD method using SHELXC/D/E (47) and the initial 265 model was built using ARP/wARP (48). After several cycles of refinement with "phenix.refine" 
Data availability
The atomic coordinates and the structure factors have been deposited in the Protein Data Bank 285 under accession no. 5IP1 for the SeMet TSWV N protein structure, 5IP2 for the N-RNA complex 286 structure, and 5IP3 for the N-DNA complex structure.
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